SUMMARY
in the hand, even in the presence of aberrant vessels. The anastomosis occurs (J) on the front and back of the wrist, through the palmar and dorsal carpal arches, and (2) in the hand, through the superficial and deep palmar arches ( Figure 1 ).
A -+--.... The deep palmar arch and the dorsal arch are primarily formed by the radial artery. The superficial palmar arch is primarily formed by the continuation of the ulnar artery into the palm. If the radial artery is occluded, viability depends on the ulnar arterial supply to the superficial palmar arch. Either artery can have relative dominance of the arterial supply to the hand, and both may contribute equally (Ryan et al. 1973) .
TECHNIQUE
Percutaneous puncture has advantages over direct surgical exposure or the Seldinger technique (Mortenson 1967 , Seldinger 1953 . It is easier and quicker to perform, and is less traumatic to the vessel.
AlIen's test (AlIen 1929) should be performed in all cases to test adequacy of collateral circulation. We recommend a modification of AlIen's test (Bedford and Wollman 1973) . While the patient clenches his fist (under anaesthesia, the fist is passively clenched) both radial and ulnar arteries are occluded with the examiner's finger tips. The patient then opens his hand, and pressure over the ulnar artery is released. Adequate collateral flow is shown by an immediate (0-7 sec) hyperaemic flush over the entire palmar surface of the hand. If 7-15 seconds elapse before the flush is apparent, collateral filling is considered slow. The procedure can be repeated, but this time with the ulnar artery occluded (Ryan et al. 1973) , thus determining the less dominant artery, which they suggest is the one to be cannulated. Cannulation should not be performed if the flush onset time exceeds 15 seconds, as the collateral flow is then judged to be inadequate. Care must be observed that the hand is not opened fully, as full extension of wrist with full separation of fingers will occlude the transpalmar arch, and parts of fingers and palm will remain blanched indefinitely, giving rise to inconsistent results (Greenhow 1972) . Another modification of AlIen's test (exsanguination of the arm using an esmarch bandage and a sphygmomanometer cuff) has been described (Barber, Wright and Ellis 1973) .
Percutaneous cannulation is performed under aseptic conditions, usually using the radial artery. The hand and forearm are affixed to an armboard, with the wrist dorsiflexed over a bandage roll. The thumb should be immobilized as well, to ensure proper anchorage of the artery. We infiltrate subcutaneously with 1·0 per cent procaine, even in the anaesthetized patient, as the local anaesthetic helps to minimize arterial spasm.
Using palpation of the artery as a guide, the cannula is advanced at a 20° angle to the skin until the arterial wall is pierced. The stylet is then held fixed and the cannula advanced up the arterial lumen. Alternatively, cannulation can be achieved by transfixation. The artery is first transfixed at an angle of 60° to the skin. The stylet is then withdrawn a few millimetres. Then both the cannula and stylet are withdrawn together, until the arterial lumen is re-entered (shown by free flow of arterial blood). The cannula is then brought down almost parallel with the vessel and slid off the stylet, up the arterial lumen, with a gentle rotary motion. The cannula is secured with a cross-over butterfly strip of adhesive strapping. Skin adhesiveness is increased by prior application of masticol. Similar fixation is applied to a 3-way stopcock inserted between the cannula and the manometer tubing. The angle of dorsiflexion of the wrist is then reduced, but the hand and forearm remain fixed to the armboard, which in turn, is secured to the table or bed. Care is taken to ensure that fixation of the hand does not embarrass circulation to the digits. The site of cannulation must be left exposed to full view. Potentially fatal loose connections can thus be readily detected. The arrangement is shown in Figure 2 .
CHOICE OF CANNULA
The type of cannula used depends to some extent on the personal preference of the anaes-thetist.
We use an 18G tapered P.V.C. (Argyle l\Iedicut-Sherwood Medical Industries) because (i) it is easy to insert, (ii) once in place, its tapered shaft allows more secure siting and (iii) its polypropylene material allows some rigidity and hence, less possibility of kinking. It may be that Teflon cannulae are preferable, as chemically Teflon is the most inert plastic, and least likely to cause tissue reaction (Harrison, Swanson and Lincoln 1957) . However, in a series of 110 cannulations, Brown and colleagues (1969) found no significant difference in the complication rate between P.V.c. and Teflon cannulae.
Theoretically, cannula size would seem to be an important factor in thrombus formation, as the cannula with the largest external diameter relative to the size of the vessel would present the highest degree of obstruction to blood flow. Downs et al. (1973) showed that smaller (20G) and parallel walled cannulae were less likely to cause thrombosis in radial artery cannulations. However, cannula size was not shown to significantly alter the incidence of thrombosis by Bedford and Wollman (1973) .
MAINTENANCE
A common problem is blockage by thrombus formation in and around the cannula tip. Cannulae need to be irrigated continuously or at regular intervals to remain patent. Normal saline with heparin (20 mg/litre) is the usual flushing fluid. Perhaps Ringer's Lactate solution would be a better alternative, as it has a more physiological pH than normal saline. Irrigation by intermittent manual flush has been used because of its simplicity, and cheapness; it does not effect pressure measurement as the cannula, flushing fluid tubing, and the pressure transducer are connected to a 3-way stopcock.
There have been reports of cerebral clot and air embolism from vigorous intermittent manual flushing (Gaan et al. 1969) . Lowenstein et al. (1971) showed that the volume of flush to dislodge clot and cause central embolization, is indeed, very small (3 to 12 ml). Uncontrolled intermittent manual flushing can deliver volumes as large as 20 to 30 ml. To overcome this, Lowenstein et al. (1971) described a volume limited flushing system, where the pumping chamber contains 3·2 ml, and the maximum volume delivered at anyone time is 2·2 ml. An alternative method is volume limited intermittent flushing accomplished manually using a syringe (Meguid and Bevilacqua 1972) . While controlling the volume of flush, increases the risk of infection. flushing itself may jeopardise inducing vasospasm (Sanderson 1970) . this method Intermittent patency by and Schock A more effective remedy against cannula blockage is continuous flushing. (Gardner et al. 1970 , Johnson and Ito 1969 , Latimer and Latimer 1974 , l\Iisucara and Giesler 1972 , Sanderson and Schock 1970 . The system must not significantly, affect the arterial waveform and must present no risk to the patient, either from air embolism, infection, or any other cause. Such continuous flushing systems are reviewed in an excellent paper by Latimer and Latimer (1974) . Essentially such a system delivers about 100 ml of fluid a day under a maximal permissable pressure of 300 mmHg so as to avoid damage to the transducer. This arrangement is provided by an inflatable pressure bag enveloping a plastic reservoir of heparinized saline. Flow is regulated by a high resistance, which can be (i) a microflow regulator (Sanderson and Schock 1970) , (ii) a Port ex remote-injection catheter which has been stretched (Latimer and Latimer 1974) , or (iii) a disposable device, the " Intraflo"* (Gardner et al. 1970) . The high resistance also acts as an isolating device. An isolating device is necessary because direct connection of the pressurized fluid reservoir to the transducer will give unsatisfactory arterial wave forms. Using a continuous flushing system, patency can be achieved for over 10 days. (Gardner et al. 1970, Sanderson and Schock 1970) . The transducer in a continuous flushing system can be placed "in line" with the flushing catheter, with continuous flow through the transducer dome. The miniaturized Statham P37B strain gauge transducer, with its own side flushing unit can be attached directly to the arterial cannula, eliminating other connections. In such a system, the transducer has to be fully sterilized for each use. Alternatively, the transducer can be separated from the flushing catheter and arterial cannula by a convenient length of tubing (Figure 3) .
We are at present using the "Intraflo" device. The plastic reservoir bag of heparinized saline is maintained at a pressure of 300 mmHg by a Fenwal Pressure Infusor. The reservoir bag contains no air, and is a safeguard against air infusion. The "Intraflo" device incorporates a " fast flush" facility for clearing the line after blood sampling. The system is shown in Figure 3 . Pressure regulators working off * Sorenson Research, Cat. No. CFS-03. Care, Vol. Ill, No. 1, February, 197.5 wall 'source oxygen or air to eliminate the manual squeeze bulb has been described (Misucara and Giesler 1972, Sanderson and Schock 1970) , but the pressure infusor bag with bulb inflator is quite satisfactory. 
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COMPLICATIONS
It is only recently that the complications of radial artery cannulation have been studied prospectively (Bedford and Wollman 1973 , Downs et al. 1973 , Lowenstein et al. 1971 , Ryan et al. 1973 . Previous to these studies, the literature offered only reports of experience with radial artery cannulations (Barr 1961 , Bartlett and Munster 1968 , Brown et al. 1969 , Samaan 1971 , Zorab 1969 , or isolated cases of serious complications (Bergentz, Hansson and Norbach 1966 , Dalton and Laver 1971 , Gaan et al. 1969 .
When the radial artery is occluded, viability of the hand depends on ulnar collateral flow and this is possible only when there is a complete palmar arch. Mozersky et al. (1973) using a Doppler ultrasonic velocity detector, evaluated the palmar circulation of 70 young subjects. They found a 1·6 per cent incidence of incomplete palmar arch, in which radial artery occlusion may lead to serious ischaemia of the digits. Friedman (1969) found that 10 out of 290 healthy subjects (3·4 per cent) had missing ulnar pulses. Serious vascular problems again may be expected in these subjects following radial artery cannulation with occlusion. Information on the dominance of arterial supply to the hand is scarce, but Ryan et al. (1973) found six out of 13 subjects to have a dominant ulnar artery.
Nevertheless, radial artery cannulation has been considered relatively free from vascular complications (Barr 1961 , Bartlett and Munster 1968 , Brown et al. 1969 , Gardner et al. 1970 , Zorab 1969 ). Zorab (1969) tabled 16 published series totalling 3,503 percutaneous punctures and/or cannulations of radial, and other peripheral arteries, with an overall complication rate of only 0·3 per cent. Complications in the series included haematoma, spasm, thrombosis, A-V fistulae, and wound infection. Dalton and Laver (1971) , from a retrospective assessment of over 3,000 patients with radial artery cannulations for cardiac surgery, describe only two serious complications (gangrene of the extremities) .
Thrombosis, embolization, and arterial occlusion are important vascular complications. Serious complications imply the presence of significant ischaemia, with or without gangrene of the hand and/or the skin of the forearm. Bedford and Wollman (1973) in a prospective study of 105 radial artery cannulations using AlIen's test and a Doppler detector, demonstrated a temporary thrombosis incidence of 38 per cent. The onset of thrombosis was often delayed for some days after decannulation. The incidence of thrombosis was related to duration up to 40 hours, and not related to cannula size. There was a 10 per cent incidence of temporary minor vascular insufficiency despite demonstrated ulnar flow. However, recanalization occurred in all cases which were followed up, the longest period taking 75 days. Despite the high incidence of temporary thrombosis, there were no serious complications. Downs et al. 1973) , using angiographic studies, showed peripheral clot embolization in 24 out of 104 cases. They found a higher incidence of thrombus formation, embolization, and arterial Anaesthesia and Intensive Care, Vol. Ill, No. 1, February, 1975 B occlusion with tapered as opposed to non-tapered cannulae. Yet only two patients had signs of vascular insufficiency of the digits and this disappeared on decannulation. Ryan et al. (1973) used digital pulse volume recordings with ulnar artery compression to show thrombosis occurring in 12 out of 13 patients with radial artery cannulations. Yet all cannulae were patent and functioning at the time of removal. Artificial heating of the hand had no effect on pulse volume, suggesting a mechanical obstruction rather than a vasospastic cause of altered radial artery flow. There was no incidence of distal vascular insufficiency in any case.
There is no known correlation of serious vascular complications with systolic blood pressure, patients weight or height, flush solution or number of attempts at cannulation (Bedford and Wollman 1973 , Downs et al. 1973 , Lowenstein et al. 1971 . There is a positive correlation between patients height and volume of flush which will cause central embolization, probably because arm length is correlated to height (Lowenstein et al. 1971) . Johnstone (1973) recommends cannulation of the dorsalis pedis artery. The advantages stated are (i) the patient's hand need not be immobilized, (ii) the dorsalis pedis artery may be more accessible, and (iii) there is no risk of cerebral damage from uncontrolled manual flushing. The foot has a similar collateral flow as the hand, the flow being via the lateral plantar artery (the dominant terminal branch of the posterior tibial artery). The dorsalis pedis pulse arrives later and peaks higher than the radial artery pulse, having an arterial systolic pressure of 5 to 20 mmHg greater than that of the radial artery. Ko serious complications were reported.
It is interesting to note that a distal radial pulse may still be palpable in the presence of total occlusion. This is due to collateral flow, and such a pulse disappears when the ulnar artery is compressed (Hamer, : 5. Fluid overload, especially in small children and the critically ill. 6. Haematoma formation with an incidence as high as 54 per cent (Brown et al. 1969 ). 7. Skin ischaemia and necrosis (Barlett and l\Iunster 1968 , Johnson 1974 , Wyatt et al. 1974 . The blood supply to the skin over the radial aspect of the forearm was demonstrated by Wyatt and co-workers (1974) in two cadaver specimens to be scanty, of small calibre, and arising directly from the radial artery without any collaterals. They recommend cannulating at a site as distally as possible, as a precaution against ischaemic necrosis to the immediate proximal skin. However, it may be that cannulating too distally may lead to a higher incidence of thrombosis (Hamer et al. 1974) . Johnson (1974) , by fluorescent dye injection and subsequent ultraviolet light examination, found that the area of fluorescence was altered markedly by a small change in the position of the cannula tip. He observed that after cannulation and following a bolus injection of saline, there mav be either a localized area of intense blanching or a more generalized area of slight pallor. If the former occurs, he recommends an adjustment of the cannula tip. Localized ischaemic lesions mav be ,yorsened or precipitated by poor p~ripheral circulation in shock states (Jolmson 1974 , Samman 1971 . 8. True aneurysm after frequent punctures followed by cannulation, was reported by Mathieu et al. (J973) . 9. OsIer node formation has been reported (),lichaelson and Walsh 1970).
PRECAL"TIO~S
To mllllmlze the risk of complications when radial artery cannulations are performed, certain precautions should be observed. \Ve recommend the following:
1. Adequate collateral flow to the hand should he established prior to cannulation, bv the modified AlIen's test. If marked arterial dominance is demonstrated, the non-dominant artery should be selected for cannulation. 2. Aseptic conditions should be observed.
The skin should be cleaned, and a strict no-touch technique should be used for the cannulation. Gloves are not worn as they reduce the ability to feel the arterial pulse.
3. Cannulation should be avoided in the limb which has had an artery previously cannulated. Reduced flow in the hand following radial artery cannulation occurs in the limb with a history of past brachial artery cannulation (Ryan et al. 1973) . Flow may be reduced by fibrosis at the site of previous radial artery cannulation (Mathieu et al. 1973 ). 4. Past history of embolism to the limb is a contra-indication to cannulation. 5. Cannulation is contra-indicated in the limb with a history of injury which may threaten vascular supply to the hand, e.g. fracture dislocation at the shoulder, elbow, and wrist (Samaan 1971 ). 6. Careful assessment is necessary in patients with Raynaud's Phenomenon or any peripheral vascular disease. It would seem correct to avoid interference to an already imperfect arterial network, but direct pressure monitoring during major vascular surgery is one of the major advantages of radial artery cannulation. 7. Cannulae should not be retained longer than necessary. 8. On decannulation, direct pressure should be applied over the puncture site for at least 10 minutes, and continued until bleeding stops. 9. Follow-up examinations for seven or more days after decannulation should be carried out.
MANAGEMENT OF COMPLICATIONS
If impaired circulation of the hand is noted immediately following cannulation, the cannula should be flushed with heparinized saline using a volume of less than 3 ml (Samaan 1971) . Re-location of the cannula tip may be tried (Johnson 1974) . If the condition persists, the cannula should be removed.
For established cases of vascular insufficiency following radial artery cannulation, intra-arterial reserpine (0·5 to 1'0 mg) with brief, intermittent arterial occlusion should be tried Laver 1971, Kontos and Wasserman 1969) . A sympathetic block at the stellate ganglion or within the axillary sheath should be considered next Laver 1971, Samaan 1971) . Thoracic sympathectomy, and embolectomy using a Fogarty catheter have also been described (Dale and Lewis 1970, Samaan 1971) .
CONCLUSIONS
Percutaneous radial artery cannulation is of value for direct blood pressure measurement and repeated blood gas analysis in the management of critically ill patients or patients undergoing major surgery.
From a review of the literature, the incidence of serious complications is small. However, there is a significant incidence of morbidity. Although there are potential risks, we conclude that radial artery cannulation is worthwhile, provided certain precautions are taken.
It remains to say, however, that further critical assessment of (i) the benefits deriving from cannulation, (ii) the significance of cannula diameter, puncture site, and duration of cannulation, and (iii) the advantages of Teflon versus P. V.c. cannulae, are yet to be established.
